Abstract: This paper presents an improvement of the capacitive emulation (CE) method to reduce the line current distortion caused by grid-tied LCL-filtered converters. In these cases, the grid voltage is applied to the LCL's capacitor, which generates a distorted capacitor current that pollutes the line. The CE method consists in controlling the converter currents instead of the grid currents, while the converter generates a copy of the distorted capacitor current, so that both the copy and the distorted currents cancel each other in the grid. Therefore, we can say that the converter emulates a negative capacitance connected to the grid, while at the same time delivers its active and reactive powers at the fundamental frequency. The CE method is achieved by adding an estimation of the distorted capacitor current to the converter current reference. However, an effective capacitive emulation requires a current control capable of accurately tracking all harmonics added to the current reference. In this sense, this paper proposes the use of a new integral predictive current control (IPCC), a dead-beat type of control that ensures a constant closed-loop group delay in a wide bandwidth. Unlike a PI control where the closed-loop delay varies with the frequency of the tracked harmonic, the constant control delay of the IPCC can be effectively compensated with a buffer-based advanced current reference. The effectiveness of the proposed CE method with IPCC control to reduce the total harmonic distortion (THD) of the line currents has been proved experimentally on a 10 kVA transformerless grid-connected three-phase inverter.
Introduction
Usually, two different current control strategies are used for grid-connected converters with LCL filter [1] [2] [3] [4] : to sense and control the converter currents, i.e., converter current feedback (CCF), or to sense and control the grid currents directly, i.e., grid current feedback (GCF).
The main drawback of the CCF scheme is that, even if the controlled converter currents are achieved sinusoidal, the line currents are distorted by the LCL's capacitor currents. Hence, the GCF [5] [6] [7] [8] emerged to solve the distortion problem of the CCF. It is usually implemented using a proportional resonant (PR) control with enough bandwidth and number of resonances to ensure the rejection of the grid current harmonics, resulting in line currents with low THD factor. The GCF however has a higher loop gain resonance peak compared to the CCF [3, 9] , which must be damped by means of active damping (AD) techniques [5, 6, 10, 11 ] to achieve a large control bandwidth, thus increasing complexity. In contrast, in the CCF case, the loop resonance can be damped by simply adding a small resistor in series with the LCL capacitors.
To solve the distortion problem of the CCF scheme, Espi et al. [12] proposed the capacitive emulation (CE) technique. The main idea is to add the distorting capacitive currents to the controlled inverter currents, so that both cancel each other out in the grid. That is, the converter emulates a negative capacitance connected to the grid while delivering the active and reactive powers at the fundamental frequency. It was proven in [12] that the CE method can compensate current harmonics up to the L 2 -C resonance (where L 2 and C are defined in Figure 1 ) giving better results than the GCF techniques in terms of THD i . The CE method consists on:
1.
Estimate the capacitive current disturbance as explained in [12] , and feed-forward it to the current reference. This estimation (î dq c in Figure 1 ) has to be ahead to compensate for the closed-loop delay of the current control. 2.
Implement a current control capable to track the reference harmonics added. Therefore, the goal is to achieve a nearly constant closed-loop frequency response at the compensating bandwidth.
PREDICTIVE CURRENT CONTROL Figure 1 . Transformerless three-phase grid-connected inverter with LCL filter, predictive current control and harmonics cancellation strategy.
Espi et al. [12] proposed an estimation of the capacitive current a constant number of samples ahead, resulting an effective method to compensate any constant control delay. However, the delay compensation in [12] was not fully effective for all harmonics, as the PI control used did not exhibit a constant group delay in closed-loop for all frequencies. To overcome this drawback, present paper proposes the use of a new predictive current control to implement the CE method, which features a constant group delay (a constant number of samples) in closed-loop. This improves the CE performance, as shown experimentally below. The proposed predictive control is based in [13] , which is modified by adding one integrator to remove the steady-state current error at the fundamental harmonic while preserving the closed-loop dead-beat performance, thus resulting an integral predictive current control (IPCC). We want to emphasise that this is not a finite-state model predictive control (FS-MPC) [14, 15] . While the IPCC outputs a conventional PWM signal, the FS-MPC selects the voltage vector instead to minimise a cost function (usually the norm or the quadratic value of the control error) in a given horizon. As the FS-MPC requires more time to calculate, it is solved at lower sampling frequency, and this impedes the high frequency current harmonics generation required by the CE method (up to 17th-19th). Moreover, the cost function minimisation of the FS-MPC does not guarantee a constant closed-loop group delay.
Proposed Integral Predictive Current Control
The LCL filter in Figure 1 is represented in the αβ frame by two decoupled circuits, as shown in Figure 2 , where v 
resulting the decoupled circuit shown in Figure 4b , where v ic j (j = {d, q}) represents the averaged voltage applied to an equivalent inductance L = L 1 + L 2 and resistance r L = r 1 + r 2 . Considering the resulting model in Figure 4b and the control delay of one sampling period T (Figure 5a ), the discretized equation for i 1 j is
where Figure 5a includes the anti-aliasing filtering of the inverter currents. These filters are designed to have an almost constant group delay, so that they can be modelled as a pure delay.
The predictive control performs better when the total delay of the acquired currents is an integer multiple of T [13] , since the current observers can only predict an integer number of samples ahead. Thus, a FIR filter is added as
with δ ∈ [0, 1], which adds a fractional delay δT to get an overall acquisition delay of m samples ( Figure 5b ). Defining the acquired current as i j (k) ≡ i 1 j (k − m), the discrete equation for i j becomes
By advancing m + 2 samples in Equation (4) and letting i * j (k) ≡ i j (k + m + 2) be the current reference, the dead-beat control law shown in Figure 6a is derived as
whereî j (k + m + 1) is the m + 1 forward estimation of i j obtained by programming n = m + 1 cascaded Luenberger observers. Each observer is implemented as depicted in Figure 6b , where L o ∈ (0, β) is the observer gain. Notice that the settling time for i j will be m + 2 samples, but it is just two samples for the actual current i 1 j . Thus, the current control behaves ideally as z −2 in closed-loop. One major problem of predictive current controls is their non-negligible steady-state error, as they present a finite dc-gain. Here, the current error increases as the control parameters L and β in Figure 6 differs from their actual counterparts in the filter. This problem was solved in [13] by a time-varying control, in which the value of β was self-tuned by an additional loop to remove the current error at any operating condition. In this paper, a simpler and more effective approach, is suggested consisting in using an integrator working in parallel with the predictive compensator while the control parameter β is kept constant. The decoupling terms in Equation (1) and the integrators outputs are gathered under the feed-forward terms v i f f j shown in Figure 6c , being the integrator I(z) = k I Tz/(z − 1). The constant term r 2 Cω g v g d in Equation (1) is not programmed, since it is automatically generated by the q-side integrator and included in v bias q . Figure 7 shows the typical equivalent block diagram of a current control, where G c is the equivalent compensator and G p the equivalent prefilter. In the case of the predictive control presented in [13] , the transfer functions of G c and G p are dependent on the number of observers n, being It was proven in [13] that, for all n and assuming β ≈ 1, the dc-gain of the compensator is
and therefore the open-loop gain crossover frequency is
In this paper, the proposed IPCC adds the integrator contribution, as can be seen in Figure 8a , which can be simplified as in Figure 8b , leading again to an equivalent compensator G c and prefilter G p . As the new compensator is G c = G c + I, it will present a zero at the frequency
where the integrator gain has been rewritten as k I = αL/T 2 . The zero's frequency ω z has to be designed below ω c to keep the IPCC's dead-beat properties. Taking ω c 50 times ω z , the design equation for the integrator normalized gain yields
If an α value higher than that recommended by Equation (11) is used (i.e., a faster integrator), the dead-beat properties could be lost, hence presenting a larger settling time. However, if the recommended α is used, the control behaves as a two samples delay as expected from the predictive law. 
Experimental Results
A 10 kVA transformerless three-phase back-to-back converter was built to assess the improved CE strategy with IPCC and to compare it with most common CCF and GCF strategies, including the basic CE with PI control described in [12] . Two Intelligent Power Modules IPM-PS22A79 from Mitsubishi were used to build the rectifier and the inverter, respectively. The inverter solves the current control and the CE method, while the rectifier regulates the dc-bus voltage to 800 V. Four 470 µF/450 V capacitors were used to build the dc-bus capacitance, reaching up to 900 V. Hall effect sensors LTS 15-NP were used for current sensing, and LV25-P for the grid voltage and dc-voltage sensing. Table 1 gives the parameters of the inverter side LCL filter. The damping coefficient ζ = 0.74 of all anti-aliasing filters results in a minimum variation of the group delay [16] , minimizing distortion of acquired currents. The control was programmed in a RX630 Renesas floating point microcontroller. An FLL-PLL [17] solves the grid synchronization. The FLL measures the grid frequency ω g needed to estimate the capacitive distortionî dq c as explained in [12] , to adapt the resonant frequencies ω h of the PR control in Equation (16) and to calculate the decoupling terms in Equation (1). The programmed IPCC parameters are listed in Table 2 . Parameter L o = 0.67 sets the bandwidth to f c = 800 Hz according to Equation (9) . The integrator gain is designed using Equation (11), yielding k I = 594. As the anti-aliasing filter delay at 50 Hz is t d ≈ 47 µs, the FIR's fractional delay is δ = (T − t d )/T = 0.06 to complete a sensing delay of m = 1 sample. The first experimental result, shown in Figure 9 , investigates the closed-loop performance of the proposed IPCC, a PI and a PR controls in a CCF scheme, that is, the ability of these controls to track reference harmonics. These results were obtained by programming the current references (12) with I 0 = 5 A, I = 3 A and sweeping for the harmonics h = {1, 2, . . . , 49}. A Power and Quality Analyzer CA8384B from Chauvin Arnoux was used to measure the amplitude and phase φ of the resulting harmonic on i 1 . As the reference harmonic in Equation (12) is in phase with the grid voltage and the analyser measures harmonic phases referred to the fundamental current, both fundamental voltage and current have to be perfectly in phase in order to get delay measurements φ referred to the reference harmonic. This is achieved by adjusting θ 0 before starting the measurements. The group delay was approximated by G d (h) = −φ ω g hT samples, being φ the measured closed-loop phase in radians. Table 3 gives the PI and PR control parameters. The PI compensator is
where k p ≈ Lω c = 5.93 Ω adjusts the bandwidth ω c , and the integral gain k i = k p ω z = 2981 Ω · s −1 sets the PI's zero ω z one decade below the bandwidth. The PR compensator is formed by adding resonant compensators G R (z) in parallel to the previous PI. Each resonant compensator can be implemented using an all-pass filter G AP (z) as [18] 
being h the harmonic number, G h the resonant gain and
where ω h = hω g is the resonant frequency and BW h is the resonant bandwidth. The resonant compensators were tuned experimentally, as explained in [12] . 
The resulting closed-loop frequency responses shown in Figure 9 indicate that the IPCC is a better choice to work with the CE method. While the PI and PR controls present a frequency dependent group delay of up to five samples, the IPCC presents a constant group delay of two samples. This constant group delay can be compensated by using a constant-size buffer-based method with filtering properties described in [12] . Figure 10 gives the line current THD variation with the number of estimation leading samples when using the IPCC, showing that an optimal delay compensation is achieved with four leading samples for all current levels. Figures 11 and 12 are intended to show the line current quality obtained with the combination CE + IPCC. The grid current waveform is shown in Figure 11a and its spectral density in Figure 11b at full active power. The spectral density of the line currents varies with time but the THD i remains between 0.3% and 0.5%. The grid voltage distortion is THD v =1.8%, as can be seen in Figure 11b . All three phase grid currents at nominal power are also shown together in Figure 12 . Figure 13 illustrates the effect of using or not the CE strategy along with the IPCC control. At half the nominal power, the grid current THD i is 4.0% without CE, and it reduces to 1.5% with CE.
Ch4

Ch1
Ch2 THD = 4 % THD = 1.5 % Figure 13 . Activation-deactivation of the CE with IPCC control at half nominal power. Ch1: grid voltage (100 V/div); Ch2: grid current (10 A/div); Ch4: CE on/off signal (0 = off, 1 = on). Figure 14 shows the effects of using the CE technique on PR and IPCC controls. The CE effectiveness is better recognized when grid current (Ch2) is set to zero, as the inverter current (Ch4) just mimics the capacitor current (Ch3). While the PR in Figure 14a still exhibits some visible harmonics at zero grid current, the IPCC removes current harmonics, as shown in Figure 14b . When the current reference increases, the grid current distortion of the IPCC is noticeably smaller than that of the PR.
To present a full comparative study, a GCF scheme was also implemented using the same previous PR control. Figure 15 summarizes the THD i results for the five implemented control configurations as a function of the current amplitude. Notice that Cases a and e are also compared in Figure 13 , and Cases b and e are compared in Figure 14 . Although the GCF achieves very low THD i levels around 1.4% at nominal power, even better than the CE + PR, best results are obtained with the proposed CE + IPCC, which lowers the THD i down to 0.3-0.5%, improving the 0.7% of the CE-PI option [12] . All measurements were carried out with a grid voltage distortion around THD v ≈ 2%. It is important to remark that the transformerless setup is a more challenging test in terms of THD i than the galvanically isolated setup, since the frequency applied to the LCL filter is higher in the isolated case. Finally, Figure 16 presents the dynamic performance of the proposed IPCC + CE against reference steps in amplitude I 0 and phase θ 0 . Figure 16a shows amplitude changes on the grid current produced by changes on the amplitude reference I 0 to 10 A, 15 A and 20 A. It can be noticed that the amplitude levels are accurate, i.e., there is no current error, while presenting very fast transitions. On the other hand, Figure 16b 
Conclusions
This paper combines the capacitive emulation (CE) technique with a new integral predictive current control (IPCC), which together significantly reduces the harmonic distortion of the line currents when using LCL filters and converter current feedback (CCF).
The proposed IPCC is derived from the low frequency model (below the L 2 − C resonance) of the LCL filter, combining a dead-beat algorithm with cascaded current observers and FIR filters to compensate for the total sensing delays. The IPCC adds integral action to remove the current error at the fundamental harmonic, without affecting the closed-loop dead-beat performance. A design equation for the integrator gain is provided as a function of the number of observers and the observer gain.
As shown in the experimental results, the IPCC control presents a constant group delay in closed-loop, unlike the PI and PR controls. This improves the control delay compensation of the CE method. Furthermore, the IPCC control presents a more accurate amplitude response for reference tracking compared with the PI and PR controls.
The effectiveness of the proposed solution has been proven experimentally on a 10 kVA transformerless LCL-filtered inverter. Although the CE method can be used along with any other current control to reduce the line current distortion in a CCF scheme, the CE + IPCC combination achieves THD i values around 0.3-0.5% at 10 kVA, even lower than a CE with a PI control [12] or a GCF scheme with a multi-resonant PR control.
